Crop production in the Northern Great Plains is rapidly changing because of no-till practices; producers now grow a diversity of crops with winter wheat to increase production as well as to manage weeds. With the multitude of crops available, producers are asking for guidelines to sequence crops in rotations that help weed management. We developed a planning tool that lists various choices with crops when designing a rotation; the choices are arranged by impact on weed dynamics as quanti®ed by research in the region. The tool includes choices among crops, such as varying crops with different life cycles, planting dates, or row spacing, and choices within an individual crop, such as varying cultivar or planting date. Choices among crops impact weeds the most, whereas choices within an individual crop are less effective and usually lead to lower crop yield. For example, rotations comprised of two cool-season crops followed by two warm-season crops can reduce weed populations six-to 12-fold. In contrast, replacing a standard-height cultivar with a taller cultivar that is more competitive with weeds, is often inconsistent for weed management, whereas crop yield may be less. Producers associated with the Northern Plains Sustainable Agricultural Society felt that the planning tool would encourage long-range planning as well as help integrate weed management with the design of cropping systems. The purpose of the tool is to encourage ecologically based weed management, which can reduce herbicide inputs by 50% for Northern Great Plains producers.
Introduction
In the semi-arid Northern Great Plains, an area that ranges from western North Dakota to northeastern Colorado and western Kansas, winter wheat±fallow has historically been the prevalent crop rotation. During fallow, neither crops nor weeds are allowed to grow, as the goal of fallow is to store precipitation in soil. Soil water gained during fallow improves growth of the following winter wheat, subsequently reducing yield variability and crop loss due to erratic precipitation.
In recent years, however, producers have changed this rotation to include more crop diversity. One reason for this change is development of no-till systems that maintain crop residue on the soil surface. No-till improves water relations 1 and soil health 2 , such that producers can grow several crops in a row before fallowing. Producers are now growing corn (Zea mays L.), proso millet (Panicum miliaceum L.), sorghum [Sorghum bicolor (L.) Moench], sun¯ower (Helianthus annuus L.), canola (Brassica rapa L.), and dry pea (Pisum sativum L.) in sequence with winter wheat and fallow 3, 4 . Crop diversity in no-till systems offers producers a multitude of bene®ts, such as improved productivity and economics. With appropriate sequencing, crop yield can be increased due to the rotation effect 5 , whereas land productivity can be almost doubled with diverse rotations, compared with winter wheat±fallow 3 . Improved productivity increases net returns by 25±40% 6 . No-till systems are successful because herbicides replaced tillage for controlling weeds. Yet, producers are concerned with herbicide use because resistant biotypes of several weed species are now common in this region 7 . For example, atrazine controls weeds in both corn and fallow. [Echinochloa crus-galli (L.) Beauv.] are resistant to atrazine. Because of resistant weed species, production costs have increased considerably as producers are forced to use more expensive management tactics 8 . With the diversity of crops available in this region, producers can minimize herbicide resistance and input costs with ecologically based weed management. The ecological approach emphasizes weed population management and cultural practices that enhance crop competitiveness with weeds 9 . A key strategy for reducing weed populations is to rotate crops with different life cycles 10 ; lower weed density enhances effectiveness of cultural practices in controlling weeds, such that, in some crops, herbicides are not needed for weed management 11 . Growing crops without herbicides reduces selection pressure for resistance as well as input costs. An additional bene®t of crop diversity is that producers have more opportunities to rotate herbicides with different modes of action, further reducing selection pressure for herbicide resistance 12 . Based on income tax records for farm expenses, the ecological approach has enabled producers in the Northern Great Plains to reduce herbicide inputs by 50% 10 . When designing a rotation, producers consider a multitude of factors, such as choice of crops, crop sequencing and available markets, as well as strategies for soil, nutrient, time and equipment management. If rotations are comprised of only one or two crops, planning for weed management usually emphasizes choice and rate of herbicide used. With the ecological approach, however, practices that affect weed populations and crop competitiveness are included in the design of rotations.
Extensive information is available related to alternative cropping systems, crop sequencing and weed management. Yet, seldom are producers provided with a framework to organize the massive database within a speci®c discipline, much less at the cropping systems level. Because producers are exploring new rotations, they are asking for a guide to integrate crop choices with weed management. Our goal was to develop a planning tool that encourages the merging of ecological principles related to weed management with other factors involved in designing rotations. Our ultimate goal is to help producers manage weeds, reduce herbicide inputs and minimize development of herbicide-resistant weeds.
Planning Tool: Guidelines for Crop Choices that Help Weed Management
Our planning tool (Fig. 1 ) lists possible choices with crops that can be integrated into a rotation. The choices are arranged by impact on weed dynamics, with the choice of greatest impact being listed at the top; the ®gure visually ranks the choices in a step-like design to help the producer compare his current strategy with other possible choices. In the following text, we describe the response of weed dynamics to each choice, based on research conducted in the Northern Great Plains.
Vary crops with different life cycles
Weed species tend to associate with crops of similar life cycles 13 , thus rotating crops with different life cycles disrupts population growth of weeds 14 . In the Northern Great Plains, where both winter and summer annual crops are well adapted, producers can sequence crops to accentuate life cycle differences. The impact of this strategy on weed dynamics can be striking, as shown in a long-term rotation study at Akron, Colorado 10 . In this study, a series of rotations was established with conventional practices used by producers in the area. After 8 years, weed biomass differed sixfold between monocultures and rotations comprised of crops with different life cycles.
A surprising ®nding, however, was that weed biomass was affected by crop sequence only if there was a 2-year interval between crops with similar life cycles. For example, a winter wheat±corn±proso millet rotation eliminated winter annual weeds such as downy brome (Bromus tectorum L.), but densities of summer annual grasses, such as green foxtail and witchgrass (Panicum capillare L.), increased across time. But, if rotations were comprised of two winter annual crops followed by two summer annual crops, densities of both winter and summer annual weeds were minimal.
A similar trend occurred with crop sequencing at another rotation study in central South Dakota 10 . After 10 years, a winter wheat±fallow rotation was infested with downy brome at 31 plants m ±2 (Fig. 2 ). When chickpea (Cicer arietinum L.), a summer annual crop, was added to the rotation (W-CP in Fig. 2 ), weed density increased to 60 plants m ±2 ; the weed community included summer annual grasses such as green foxtail and witchgrass, as well as downy brome. A three-crop rotation comprised of one winter annual and two summer annual crops, winter wheat± corn±chickpea, eliminated downy brome but green foxtail . However, a rotation comprised of two cool-season crops, winter wheat and dry pea, followed by two warm-season crops, corn and soybean (Glycine max Merrill), minimized weeds, such that weed density was 12-fold less compared with winter wheat±chickpea. As found in the Akron, Colorado study, lowest weed density occurs in four-crop rotations that balance cool-and warm-season crops in 2-year intervals.
The effect of the 2-year interval is related to the natural decline of weed seed density in soil. The number of live weed seeds in soil declines rapidly if new seeds are not added 15 . Both downy brome and green foxtail seed densities decrease to less than 5% after 2 years in soil (Fig. 3) . Weed seed production can be eliminated during years of crops with different life cycles; thus a 2-year interval reduces potential seedling density in future crops by more than 95%.
In the drier areas of the Northern Great Plains, where fallow is still prominent, producers can accrue this 2-year life cycle interval with rotations such as winter wheat± corn±fallow or winter wheat±proso millet±fallow. The fallow period ®ts either life cycle category if weeds are controlled during fallow, thus winter wheat and fallow comprise a 2-year interval to minimize summer annual weed populations, whereas the 2-year interval of corn or proso millet plus fallow reduces density of winter annual weeds in soil.
For producers in the more humid areas of the Northern Great Plains, this life cycle bene®t on weed management can be further enhanced by including perennial forages in rotation with annual crops 16 . Mowing for forage harvest prevents seed production of most weeds, thus favoring decline of weed seed densities in soil during the forage interval. Lafond et al. 17 suggested perennial forage intervals of 3±5 years for maximum bene®t with suppressing weeds, maintaining forage stands and improving yields of following crops.
But some species, such as green foxtail, are able to produce seeds in conventional harvesting schedules with perennial forages 18 . With these species, perennial forages may not reduce seed density in soil. Another trend with weed dynamics in perennial forages is that winter annual weeds, such as dandelion [Taraxacum of®cinale (Weber in Wiggins)], ®eld pennycress (Thlaspi arvense L.) or downy brome, may proliferate because of their earlier growth than most forages, which allows plants to establish and produce seeds.
Vary crops with different planting dates
Producers can also help weed management by rotating crops with similar life cycles but different planting dates 19 . For example, the weed community in northeastern Colorado displays two peak periods of emergence (Fig.  4) ; the ®rst peak represents cool-season weeds, such as kochia [Kochia scoparia (L.) Schrad.] and Russian thistle (Salsola iberica Sennen & Pau), whereas warm-season weeds, such as green foxtail, witchgrass and pigweed species (Amaranthus spp.), emerge during the second peak, in late May and early June 20 . Corn in this region is usually planted in early May, whereas sun¯ower or proso millet are planted in early June. Later planting of sun¯ower or proso millet in the year after corn allows producers to control summer annual weed seedlings that emerge between May 1 and early June, which is 63% of the seasonal emergence between May 1 and August 1 (Fig. 4) . However, reversing this sequence, by planting either proso millet or sun¯ower before corn, is not effective because of extensive volunteer crop plants infesting corn. Our rotation study at Akron, Colorado included a winter wheat±proso millet±corn±fallow rotation; we terminated that rotation after 6 years because of dif®culties in controlling volunteer proso millet in corn. The emergence period of volunteer proso millet ranges from early May through June, leading to volunteer densities that required higher herbicide inputs to avoid yield loss in corn.
The contrast in planting dates of winter wheat and dry pea also favors weed management, provided that dry pea precedes winter wheat in the rotation. Winter annual weeds such as downy brome, jointed goatgrass (Aegilops cylindrica Host), and blue mustard [Chorispora tenella (Pallas) DC] emerge mainly between September and March. Dry pea is planted in late March or early April, thus winter annual weeds can be controlled easily before planting. If seedlings of these weeds emerge after dry pea planting, seed production is drastically reduced because of less plant growth and inconsistent vernalization. The early growth and canopy development of winter wheat minimizes the impact of dry pea volunteers that emerge in April or May. However, if dry pea follows winter wheat, volunteer wheat seedlings will require additional control tactics in dry pea. With the proper sequence, rotating crops with different planting dates within the 2-year life cycle interval can enhance the impact of rotation design on weed dynamics.
Vary crops with different row spacing
An ecological principle related to plant competition is that the ®rst plant to capture resources gains a competitive edge 21 . One strategy that favors resource capture is to plant crops in narrow rows, as demonstrated in a study that compared weed growth in corn, sun¯ower and proso millet 22 . Corn was planted during the ®rst week of May and in rows spaced 76 cm apart. Sun¯ower and proso millet were planted in early June; row spacing was 76 cm for sun¯ower and 20 cm for proso millet. Weeds, primarily green foxtail and witchgrass, were allowed to grow for 7 weeks in each crop, then harvested for biomass. Weed biomass in sun¯ower was only 35% that of corn (Fig. 5) , re¯ecting the difference in weed density due to later planting of sun¯ower. Narrow rows with proso millet reduced weed biomass almost threefold compared with sun¯ower. Combining two management choices, such as selecting a crop grown in narrow rows and planting the crop later, impacted weeds tenfold, as shown with proso millet and corn.
In the Northern Great Plains, crops planted in wide rows, such as corn and sun¯ower, are not competitive with weeds 10 , but equipment technology is evolving such that these crops now can be planted in narrower rows; this practice, when combined with other cultural practices, improves their tolerance of weeds. At Akron Colorado, corn grown at 47,000 plants ha ±1 in narrow rows (50 cm), with N fertilizer banded by the seed, reduced weed biomass by 60% compared to the conventional system of 38,000 plants ha ±1 planted in 76 cm row spacing and with N broadcast 23 . Because of reduced weed growth, corn yield loss due to weeds was reduced fourfold with the narrow row production system.
Vary cultivar within a crop
Cultivars differ in their competitiveness with weeds. Challaiah et al. 24 found that downy brome biomass production varied by 35% among winter wheat cultivars; cultivar traits associated with competitiveness were high tiller density and plant height. Winter wheat yield loss due to downy brome interference also varied twofold, with less yield loss in taller cultivars. Similar trends were found with proso millet competition with redroot pigweed (Amaranthus retro¯exus L.); taller cultivars reduced weed growth and tolerated weed interference with less yield loss 11 . This strategy has some limitations. First, taller cultivars usually yield less because resources are invested in extra plant stem biomass 26 . Secondly, cultivar impact on weeds is not consistent over years, varying with environmental conditions and time of weed emergence 27 . Also, in years where weed density is low, producers may sacri®ce crop yield with taller cultivars when weed suppression is not needed.
However, impact of cultivar choice on weed management can be improved by integrating this tactic with other cultural practices to strengthen the crop's canopy. For example, the competitiveness of winter wheat with jointed goatgrass was increased sixfold by combining a tall cultivar with higher seeding rates and nitrogen placement 25 . Seed production of jointed goatgrass and feral rye (Cereale secale L.) was reduced by 40±45% with this cultural approach compared to conventional practices with winter wheat (Fig. 6) . Similar results occur with proso millet; adding other cultural practices to tall cultivars improves proso millet competitiveness with pigweed species several-fold 23 . Furthermore, with both species, the cultural approach improves competitiveness of short cultivars such that weeds can be suppressed without sacri®cing crop yield, as occurs with the taller cultivars.
Vary planting dates within a crop
A common strategy used by producers for weed management is to delay planting of the crop. This strategy allows more time for weed seedlings to emerge and be controlled before planting. However, this tactic is not consistently effective, especially in semi-arid regions with erratic rainfall. In Colorado, delayed planting of winter wheat was effective in controlling downy brome in only one year out of six 28 . Yet, winter wheat yield was reduced every year due to late planting. The later planting of winter wheat reduces yield because the crop is more vulnerable to plant diseases and environmental stresses 29 . Similar yield loss with delayed planting also occurs with proso millet 30 , corn 31 and sun¯ower 10 . Effectiveness of delayed planting with a crop contrasts with the impact of varying crops with different planting dates. Rotating crops with different planting dates avoids the detrimental impact on yield with delayed planting of a crop, yet still reduces weed density. Delay of planting within a crop may be effective if rain occurs right before planting; by waiting, producers can eliminate the ®rst¯ush of weeds that emerge. Otherwise, weed management will bene®t more from choices involving different crops.
Impact of Crop Management Choices on Weed Dynamics
Producers can enhance weed management by crop management choices; note the six-to 12-fold impact of rotating cool-and warm-season crops in a 4-year cycle. Also, diversifying crops within a life cycle interval, such as summer annual crops, can lead to a three-to fourfold impact on weed dynamics. Sequencing crops with different planting dates and row spacing, such as corn and proso millet, can reduce weed biomass tenfold. The options available for an individual crop, such as varying cultivar or planting dates, have a minor impact on weed management; in most cases, results may be ineffective whereas crop yield may be sacri®ced.
Producer Response to the Planning Tool
We presented this planning tool to members of the Northern Plains Sustainable Agriculture Society during their national meeting in 2002. This Society is comprised mainly of organic producers who rely on cultural practices to manage weeds. The producers felt that the tool would be useful in planning cropping systems, especially with the arrangement of strategies based on impact. An intriguing observation was that most producers in the Society were using choices within an individual crop, either changing cultivar or planting date, for weed management. During our discussion, they recognized that their current weed management approach was reactive, responding to weed problems as they developed rather than planning rotations to manage weed populations. The producers encouraged us to pursue development of this tool to encourage thinking on ecological principles and long-range planning. One producer suggested relating how strategies in ecological weed management will affect insects and plant diseases. A general principle related to pest management is that crop diversity generally favors crops over pests. For example, diversifying crops in a rotation reduces the frequency a crop is grown; plant diseases proliferate if a crop is grown too frequently. In the Great Plains, sun¯ower, corn and winter wheat yield the most if grown only once every 4 years, re¯ecting lower disease incidence 10 . With winter wheat, Cook and Veseth 29 reported that delayed planting increases the susceptibility of wheat to root diseases. They suggested that producers will improve disease management more with other practices, such as diverse rotations and fertilizer placement, and encouraged producers not to delay planting for disease management.
Andow 32 found that plant insects, particularly those with limited host ranges, tended to be less abundant in diverse cropping systems. He suggested that crop diversity increases the populations of natural enemies of insect pests. With weeds, diversifying the rotation had the greater impact on population management (Fig.  1) ; similar results should occur with insects and plant diseases, as crop diversity is a key component of their management also.
A key to successful pest management from an ecological perspective is to integrate management tactics into the design of cropping systems 33 . Our goal with this planning tool is to help producers recognize crop choices and sequences that help weed management. With the multitude of crops now available in the Great Plains, producers can develop rotations that not only improve weed management, but also accrue additional agronomic and economic bene®ts with crop diversity in this semi-arid region 10 .
